Protocols have been established for the preparation of large amounts of pure measles virus intracellular nucleocapsids. As a result, it has been possible to routinely achieve nucleocapsid RNA yields of -200 ,ug (from -5 x 108 infected cells). Electrophoretic analysis of this RNA under denaturing conditions revealed a single species whose mass was estimated at -4.8 x 106 daltons. Electron microscopic assessment of nucleocapsid RNA contour lengths corroborated the electrophoretic size determination. Total nucleocapsid RNA was shown to contain both negative-and positive-stranded species distributed in a ratio of 2 to 3 genome polarity molecules for each antigenome RNA. Hybridization studies established that all of the virus-specified polyadenylated RNAs were encoded by the negative-stranded nucleocapsid RNA and, therefore, that this nucleocapsid RNA was the measles genome. Examination of the measles virusspecified, polyadenylated transcription products by HCHO-agarose gel electrophoresis revealed at least nine distinct RNA species (rather than the six predicted measles mRNAs). The significance of these observations is discussed.
Measles virus is a ubiquitous pathogen responsible for both acute and chronic diseases of humans. Its documented capacity to produce persistent infections and the speculation that such persistent infection may play a role in the pathogenesis of various human diseases of unknown etiology have elicited considerable interest and investigative effort (47) . Nevertheless, the molecular biology of measles virus remains inadequately defined.
Measles has been classified as a paramyxovirus (8, 21) . It has been assumed, therefore, that the details of measles virus replication can be extrapolated from those established for other members of this virus family. Paramyxoviruses encode their genetic information in a -5 x 106-dalton (d), single-stranded, linear RNA of negative polarity (8, 11, 19, 21, 25, 26, 30) . This RNA is never found free. Rather, it exists as part of a ribonucleoprotein particle, the viral nucleocapsid. Nucleocapsids are enzymatically active, directing both mRNA transcription and genome replication (35) . Replication proceeds via a full-length complementary positive-stranded RNA (antigenome) which is similarly encapsidated (8, 21, 24, 25) . Beginning at or near the 3' end, the genome is sequentially transcribed to generate six unique monocistronic mRNAs (1, 9, 11, 14) . Each mRNA specifies one of the six virion structural proteins (11, 13, 21, 32) . Furthermore, these transcription products are encoded by nonoverlapping nucleotide sequences, and, as such, they essentially exhaust the coding capacity of the paramyxovirus genome (1, 9, 11, 14, 21, 39) .
In contrast, the properties of the measles genome (i.e., its informational content, organization, and replication) are poorly characterized. Measles nucleocapsid RNAs of both negative and positive polarity have been isolated, albeit in low yields (45) . Measles genome size has been reported as 6 .0 x 106 to 6.4 x 106 d (34, 42) . This value is considerably greater than that determined for the genome RNAs of Sendai virus and Newcastle disease virus (NDV) , suggesting that measles encodes information in excess of that required to specify its six structural proteins. Thus far, however, only * Corresponding author. six measles virus-specified polyadenylated [poly(A)] RNAs have been identified (17) . Three of these mRNAs, encoding the measles matrix, hemagglutinin, and nucleocapsid proteins, have been assigned, using recently developed recombinant DNA plasmids containing cDNA copies of portions of the nucleotide sequences of these viral messages (15, 41) . Tentative assignment of a fourth measles transcript as the fusion protein mRNA has also been reported (41) . Unfortunately, corroboration of these conclusions, as well as further definition of the measles genome and its transcription products, is presently unavailable.
To clarify and expand our understanding of the measles virus replicative strategy, we have initiated studies of the virus-specified informational macromolecules.This report describes the preparation and characterization of measles intracellular nucleocapsid RNAs. Encapsidated, full-length antigenome, as well as genome, RNAs have been identified. Electrophoretic resolution of denatured RNA and electron microscopic assessment of RNA contour lengths have established the measles genome size as -4.8 x 106 d or --14.6 kilobases. Pure negative-stranded nucleocapsid RNA has been isolated and shown to encode all measles virus-specified poly(A) transcripts. Instead of the six predicted mRNAs, however, at least nine poly(A) transcription products have been distinguished by HCHO-agarose gel electrophoresis. The significance of these observations is discussed.
MATERIALS AND METHODS Cells and virus. Mycoplasma-free HeLa (S3) were propagated at 37°C as an exponentially growing suspension culture in Joklik modified Eagle suspension medium supplemented with 5% (vol/vol) fetal calf serum and glutamine (S-MEM).
The Edmonston strain of measles virus was selected for these studies. The virus was subjected to two cycles of plaque purification in HeLa monolayer cells, after which one viral clone was amplified by three successive passages in HeLa suspension culture, using an input multiplicity of infection of -0.01 PFU per cell and growth at 32.5°C. After -96 h the infected cells were collected by sedimentation (10 min at 1,000 x g), resuspended in 1/10 the original volume of S-MEM, and subjected to sonic disruption for 60 s at 70 W (Sonifier cell disruptor; Ultrasonics, Inc., Melville, N.Y.). Released virus, separated from cell debris by centrifugation as above, was distributed into aliquots and stored at -700C. This viral stock, containing -4 x 108 PFU/ml, was used for all experiments.
Preparation of intracellular nucleocapsids and nucleocapsid RNA. HeLa (S3) cells were collected by centrifugation at 1,000 x g for 5 min, washed once in prewarmed Hanks balanced salt solution, and finally suspended at a cell density of _ 107/ml in S-MEM modified to contain 1% (vol/vol) fetal calf serum. Virus, at an input multiplicity of infection of -1 PFU per cell, was allowed to adsorb to these cells in suspension for 2 h at 32.50C. The infected cells were then separated from unadsorbed virus by sedimentation and resuspended at a density of -5 x 105 cells per ml in S-MEM containing nonessential amino acids, vitamins, gentamicin (50 pgIml) , and amphotericin B (0.5 ,ug/ml) (infection medium [I-MEM]).
[3H]uridine (28 Ci/mmol; Amersham Corp., Arlington Heights, Ill.) was introduced at a concentration of 5 puCi/ml, and the infection was allowed to proceed for -48 h at 32.5°C.
Intracellular viral nucleocapsids were prepared from these radiolabeled infected cells, using a modification of previously described methods (12, 23, 30, 38, 45) . Infected cells were collected by centrifugation, washed with Hanks balanced salt solution, and suspended in hypotonic buffer (10 mM N-2-hydroxyethylpiperazine-N-2'-ethanesulfonic acid [HEPES], pH 7.5, 10 mM NaCl, 1.5 mM MgCl2) at -2 x 107 cells per ml. This and all subsequent procedures were performed at 4°C unless noted otherwise. Cells were lysed by the addition of the nonionic detergent Nonidet P-40 to a final concentration of 0.65% (wt/vol), and nuclei were removed by centrifugation at 1,000 x g for 5 min. The supernatant fraction (cytoplasm) was adjusted to contain 10 mM EDTA and 1% (wt/vol) sodium deoxycholate and then clarified of particulate material by centrifugation at 10,000 x g for 10 min. This cytoplasmic extract was applied onto preformed discontinuous density gradients prepared in Spinco SW41 polyallomar centrifuge tubes (Beckman Industries, Inc., Palo Alto, Calif.) as described by Kolakofsky (23) . The step gradient was comprised of 1.25 ml of 40% CsCl, 2.5 ml of 30% CsCl, 2.5 ml of 25% CsCl, and 2.75 ml of 5% sucrose, each containing 25 mM Tris-hydrochloride (pH 7.5)-50 mM NaCl-2 mM EDTA-0.2% (wt/vol) sodium lauroyl sarcosinate (Sarkosyl). Centrifugation was performed at 12°C for 2 h at 36,000 rpm. The dense, visible band noted in the 30% CsCl step was removed by needle aspiration through the side of the centrifuge tube, diluted to 4.1 ml with 30% CsCl (as above), dispensed into Spinco SW 6OTi polyallomar tubes, and centrifuged to equilibrium (36 h at 36,000 rpm) in the Spinco SW 6OTi rotor. These isopycnic gradients either were fractionated for analysis or the visible nucleocapsid band was removed by needle aspiration as described above.
The purified nucleocapsid band was diluted with 10 volumes of LEH (10 mM HEPES [pH 7.5], 100 mM LiCl, 1 mM EDTA) and pelleted through a 2-ml layer of 15% (wt/wt) sucrose in the same buffered solution, using Spinco SW41 polyallomar tubes and centrifugation for 4 (43) .
Cells were collected, washed, and lysed in hypotonic buffer containing Nonidet P-40 as detailed above. After clarification at 10,000 x g for 10 min, the cytoplasmic fraction was adjusted to 100 mM LiCl-10 mM EDTA-10 mM HEPES (pH 7.5) (LEH)-1% (wt/vol) SDS. Deproteinization was achieved by three successive extractions at room temperature with LEH-saturated phenol-chloroform-isoamyl alcohol (25:24:1) followed by two additional extractions of the aqueous phase and interface with chloroform-isoamyl alcohol (24:1) alone. The aqueous phase was then removed and supplemented with LiCl to achieve a concentration of 150 mM, and the total cellular RNA was precipitated at -20°C by the addition of 2 volumes of 95% ethanol.
Poly(A) RNAs were isolated by oligodeoxythymidylatecellulose affinity chromatography (type 2; Collaborative Research Inc., Lexington, Mass.), using established procedures (2) . Two cylces of binding to and elution from oligodeoxythymidylate-cellulose were required to minimize the level of measles genome RNA found in the infected cell poly(A) RNA fraction. Before binding, the RNAs were dissociated for 10 min at 37°C in 90% (vol/vol) dimethyl sulfoxide containing 20 mM Tris (pH 7.5)-2 mM EDTA (TE) and then diluted with 4 volumes of ice-cold TE and adjusted to 500 mM LiCl. All poly(A) RNA preparations were stored at -70°C in 75% ethanol Isolation of pure genomic RNA. Full-length, negativestranded measles genome was isolated by cellulose chromatography (Whatman CF-11; Whatman Inc., Clifton, N.J.) of self-annealed total nucleocapsid RNA (5, 39, 45) . Ethanolprecipitated nucleocapsid RNA (25 to 50 pg) was dissolved in 0.2 ml of 0.3 M NaCl-20 mM Tris (pH 7.5)-2 mM EDTA (NTE) and incubated at 75°C for 60 min. The RNA solution was then returned to room temperature and adjusted to 0.1 with ethanol. Confirmation of the genome polarity of this RNA is presented in Results.
Electrophoretic analysis of RNA in HCHO-agarose gels. RNAs were examined after irreversible denaturation with formaldehyde, using a modification of the conditions of Rozek and Davidson (40) . Ethanol-precipitated RNA was collected by sedimentation (30 min at 12,000 x g), washed once with 70% ethanol, and dried in vacuo. The RNA pellet was then dissolved in 20 mM 3-(N-morpholino)propanesulfonic acid (MOPS)-5 mM sodium acetate-1 mM EDTA (pH 7.0) containing 50% (vol/vol) formamide and 2.2 M formaldehyde. Samples were heated to 80°C for 5 min, supplemented with glycerol and bromophenol blue, and subjected to electrophoretic resolution in agarose gel containing the above denaturation buffer without formamide.
After electrophoresis, the gel was prepared for fluorography (Autofluor; National Diagnostics, Sommerville, N.J.), dried, and exposed to photosensitized Kodak XAR film.
Electron microscopic examination of RNA. Measles intracellular nucleocapsid RNA was collected as described above and spread for examination in the transmission electron microscope according to a modification of the method of Kleinschmidt (22) . The RNA was dissolved in a spreading hyperphase consisting of 0.1 M HEPES (pH 8.5), 0.01 M EDTA, cytochrome c (20 p.g/ml), and 70% formamide (RNA concentration, 0.5 p,g/ml). The spreading hypophase was distilled water. Contour lengths of RNA duplexes and of pBR322 plasmids were assessed with a Numonics digital planimeter.
RNA annealing. RNAs to be examined were collected by centrifugation (at least 30 min at 12,000 x g), rinsed with 70% ethanol, dried in vacuo, and dissolved in TE containing 50% (vol/vol) formamide. The RNA was heated to 80°C for 2 min, and its denaturation was terminated by rapid chilling on ice. The solution was adjusted to 0.3 M NaCl and diluted to the desired RNA concentration with NTE containing 50% (vol/vol) formamide. Samples (100 pul) of denatured RNA or RNA mixtures were sealed in siliconized glass capillary tubes or introduced under paraffin oil into 400-pA polypropylene tubes. Self-annealing or hybridization reactions were then allowed to proceed at 40°C.
The extent to which annealing occurred was assessed as the percentage of RNA rendered resistant to RNase A digestion. Reactions were terminated by dilution with icecold NTE (1 ml). One-half of each sample was treated with 15 pLg of RNase A for 30 min at room temperature. The parallel RNase-digested and untreated samples were then precipitated with trichloroacetic acid, collected onto nitrocellulose membrane filters, and assayed for radiolabel by liquid scintillation. All self-annealing and hybridization reactions were performed in duplicate or triplicate.
Miscellaneous procedures and materials. Virus titers were quantified by plaque formation as previously described (20) . The structural proteins of purified nucleocapsids were analyzed by the high-resolution SDS-polyacrylamide gel electrophoresis method of Laemmli (27) , using vertical slab gels of 10% acrylamide. HeLa cell precursor (45S and 32S) and mature (28S and 18S) rRNAs were radiolabeled and prepared by established protocols (43, 49) .
RESULTS
Preparation and characterization of the measles intracellular nucleocapsids. Before initiation of experiments designed to isolate and characterize the encapsidated measles RNAs, a concerted effort was undertaken to maximize the propagation of the virus and its constituent macromolecules. Not unexpectedly, it was found that the selection of both host cell and tissue culture conditions markedly influenced the efficiency of measles virus production as assessed by the yield of virus progeny. Evaluation of these factors revealed that highly efficient measles virus replication was supported by the HeLa suspension cell when infected and maintained at 32.5°C (S. Udem, submitted for publication). Virus yields in excess of 108 PFU per ml of culture, equivalent to -200 to 1,000 PFU per initially infected host cell, were routinely achieved. This level of virus synthesis is significantly greater than that observed after measles infection of other commonly used tissue culture cells (3; unpublished data); consequently, the infected HeLa suspension cell was selected for the studies reported here.
Acute measles virus infection results in the abundant synthesis and accumulation of cytoplasmic nucleocapsids, only a small fraction (-5%) of which become incorporated into completed virus particles (31, 45 ; unpublished data). In fact, this disproportionate intracellular localization of nucleocapsids appears to be a feature in paramyxovirus infections in general (6, 8, 12, 21, 30) . Therefore, intracellular nucleocapsids were prepared from the cytoplasmic fraction of infected, radiolabeled cells. Radiolabeling was performed in the absence of actinomycin D so as to avoid possible adverse effects of this antimetabolite on the efficient synthesis of viral macromolecules. The intracellular nucleocapsids were then purified by methods previously established for the isolation of Sendai virus nucleocapsids (23) . This involved two sequential CsCl gradient centrifugations, sedimentation of the infected cell cytoplasm through discontinuous gradients, followed by density equilibrium centrifugation of the material collected from the antecedent gradient's 30% CsCl layer.
Purification of measles intracellular nucleocapsids was, in fact, achieved by this method. It was noted, hovever, that significant amounts of nucleocapsid were entrapped at the 25-30% CsCl interface of the discontinuous gradient and that the nucleocapsid material that had entered the 30% CsCl layer was present as one or more flocculent bands (data not shown). In contrast, a single, compact, nonflocculent band of intracellular nucleocapsids sedimented to the middle of the 30% CsCl layer when Sarkosyl was incorporated into the gradient media. Subsequent isopycnic centrifugation of this material in CsCl containing Sarkosyl produced one sharp peak of nucleocapsids with a buoyant density of 1.31 to 1.32 g/cm3 (Fig. 1A) . A further benefit of the introduction of Sarkosyl was a four-to sixfold augmentation in purified intracellular nucleocapsid yield (data not shown). Figure 1B reveals the nucleocapsid polypeptide composition as assessed by SDS-polyacrylamide gel electrophoresis. For this analysis, nucleocapsids were purified from cells radiolabeled throughout the infectious cycle with
[35S]methionine. The major nucleocapsid polypeptide was found to comigrate with the -60,000-molecular-weight nucleocapsid protein (NP) of the measles virion. The several discrete, minor, radiolabeled polypeptide bands (-55,000 to 40,000 molecular weight) noted have been shown to represent specific proteolytic cleavage products of NP (4, 33, 37, 44, 46; unpublished data). Two additional virus-specified proteins are thought to be noncovalently associated with the enzymatically active measles ribonucleoprotein core (36, 37, 46) , the phosphoprotein P (-70,000 molecular weight) and L (-200,000 molecular weight). In fact, measles nucleocapsids purified in CsCl gradients lacking Sarkosyl are considerably lighter (p = 1.28 to 1.30 g/cm3) and contain significant VOL. 49, 1984 on October 27, 2017 by guest http://jvi.asm.org/ Downloaded from A. 4 (ii) Electron microscopy. Native nucleocapsid RNA molecules were spread and examined by electron microscopy to provide an assessment of morphology and size independent of irreversible denaturation with formaldehyde. Whereas electrophoretic analysis of denatured RNA had demonstrated a unique species of -4.8 x 106 d, electron microscopy revealed two morphologically distinct populations of long, linear molecules. Some of the nucleocapsid RNA molecules appeared single stranded, based on their diameter and convoluted, irregular outlines (compared with the doublestranded plasmid pBR322) (Fig. 3A) . The remaining RNAs were easily distinguished by their smooth contour and a thickness consistent with nucleic acid duplexes (Fig. 3B) . Contour lengths of double-stranded nucleocapsid RNA molecules were measured (23 molecules) and compared with the length of circular pBR322 DNA which had been included as an internal standard. The size of the measles nucleocapsid RNA duplex was determined to be 14.55 ± 1.45 kilobases (± standard error of measurement), equivalent to a mass of _9.9 x 106 d. This value is in excellent agreement with the mass estimate of -4.8 x 106 d obtained from the HCHO gel electrophoretic analysis of the single-stranded, denatured nucleocapsid RNA.
Intermolecular annealing of measles nucleocapsid RNAs. During paramyxovirus infection, both genome (negative polarity) and antigenome (positive polarity) single-stranded RNA molecules are synthesized and encapsidated into ribonucleoprotein particles (8, 21, 24, 25, 30) . The analyses described in the preceding text demonstrated that measles intracellular nucleocapsids similarly contain linear RNA molecules of identical length but of opposite polarities and that these RNAs are full-length complements of one another. When these ethanol-precipitated, radiolabeled nucleocapsid RNAs were dissolved in buffer containing 0.3 M NaCI (NTE) and treated with RNase A, approximately 30% of the RNA proved resistant to digestion. This level of RNase-resistant material was consistent with the proportion of doublestranded RNA molecules among the total nucleocapsid RNAs noted in the electron microscopic studies. In the absence of salt, RNase A digested all but a residual fraction of -5% of the nucleocapsid RNA, whereas HCHO-denatured RNA was completely degraded. The latter observations suggested that small regions of inter-or intramolecular complementarity persisted at low ionic strength, but that this annealing could be reversed by denaturation with HCHO.
Experiments designed to quantify the amounts of fulllength negative polarity RNA (genome) and full-length positive polarity RNA (antigenome) present in a given nucleocapsid RNA preparation were then performed. Nucleocapsid RNA was thermally denatured in the presence of formamide (50%, vol/vol), and its capacity to undergo intermolecular reassociation was determined. The limiting value to which the total nucleocapsid RNA self-annealed varied somewhat from one preparation to another, that level being between 50 and 67%. Maximum reassociation was achieved after 1 h at 40°C when the RNA concentration was 1 pug/ml. These studies indicated that intracellular nucleocapsids contained RNA molecules of opposite polarities present in a ratio of 2:1 to 3:1.
The polarity of the predominant nucleocapsid RNA species was evaluated next. Nucleocapsid RNA was allowed to self-anneal to completion, after which the resultant mixture of single-and double-stranded molecules was allowed to hybridize to increasing amounts of infected cell mRNA. Results of such an experiment are shown in Fig. 4A . It is clear that the residual single-stranded nucleocapsid RNA population was completely protected from RNase digestion by infected cell mRNA, whereas uninfected cell mRNA had no effect. It was therefore concluded that the negative polarity (genome sense) RNA was present in excess in these intracellular nucleocapsid preparations.
Isolation and examination of the measles genome. The differing affinities with which single-stranded and doublestranded RNAs bind to cellulose (5, 39, 45) was exploited to isolate measles genome from the mixture of positive and negative polarity molecules present in total nucleocapsid RNA. Nucleocapsid RNA was allowed to self-anneal and was then applied to a column of Whatman CF-11 cellulose powder. The excess, single-stranded RNA (representing 35 to 45% of the total input) was then retrieved by elution with 15% (vol/vol) ethanol. This RNA was found to be of genome . Total nucleocapsid RNA was allowed to self-anneal to completion, generating a mixture of genome-antigenome duplexes and single-stranded molecules (-50% self-annealing in this RNA preparation). Aliquots of self-annealed RNA (-100 ng; =77,000 3H cpm) were then allowed to hybridize with various amounts of unlabeled infected or uninfected cell poly(A) RNA, and the resultant extent of hybrid formation was assessed. (B) Assessment of whether the entire negative-stranded nucleocapsid RNA molecule serves as a template for viral poly(A) RNAs. Reaction mixtures of CF-11-purified, single-stranded nucleocapsid RNA (-100 ng; =7,000 cpm) and unlabeled poly(A) RNAs were established, allowed to hybridize, and analyzed for the degree to which annealing occurred. (C) Determination of whether all virus-specified poly(A) RNAs are transcribed from the negative-stranded nucleocapsid RNA. Limiting amounts of 32P-labeled measles virus-specified poly(A) RNA (-6,000 cpm) or of 32P-labeled uninfected cell RNA were hybridized with increasing quantities of unlabeled, CF-11-purified, negativestranded nucleocapsid RNA, and the protection of radiolabel from RNase A digestion was assessed. Preparation of the various RNAs, conditions for annealing, and the procedure for determining the amount of hybrids formed are detailed in the text. Symbols: 0, hybridization reactions with measles virus-specified poly(A) RNA; 0, reactions with uninfected cell poly(A) RNA. length as assessed by HCHO-agarose gel electrophoresis (data not shown). In the presence of 0.3 M NaCl, 12 to 14% of this RNA consistently remained resistant to RNase A. Complete sensitivity to RNase A digestion followed HCHO denaturation, indicating that the nuclease-resistent fraction was due to regions of intramolecular self-annealing.
The results of an evaluation of the capacity of the CF-11-isolated single-stranded RNA to hybridize with infected or uninfected cell mRNAs are shown in Fig. 4B . Here a fixed quantity of thermally denatured, single-stranded, radiolabeled nucleocapsid RNA was mixed with increasing amounts of poly(A) RNA, and the degree to which radiolabel was protected from RNase A digestion was determined. Annealing occurred exclusively with the mRNAs prepared from infected cells, confirming the negative polarity of this nucleocapsid RNA. Furthermore, complete saturation of the minus-strand RNA was achieved, indicating that this entire nucleocapsid RNA molecule served as a template for the transcription of virus-specified poly(A) RNAs.
The final question addressed was whether every measles poly(A) RNA is encoded by this negative-strand nucleocapsid RNA species. Virus-specified transcripts, selectively radiolabeled with 32p in the presence of actinomycin D, were isolated. Hybridization of limiting amounts of this radiolabeled mRNA with increasing quantities of CF-11-purified, single-stranded nucleocapsid RNA was then performed (Fig.   4C ). All but 10 to 12% of the radiolabeled RNA was sensitive to RNase A digestion, this residual fraction presumably representing the 3' poly(A) sequences. Addition of negativestranded nucleocapsid RNA conferred total resistance of radiolabel to the endonuclease. Control hybridization reactions with 32P-labeled, uninfected cell mRNA (radiolabeled in the absence of actinomycin D) demonstrated no protection of the radiolabeled RNA beyond the -12% resistance due to poly(A) sequences. These experiments established the negative polarity, single-stranded intracellular nucleocapsid RNA as the measles genome, the RNA molecule encoding all of the poly(A) virus-specified transcription products. DISCUSSION Optimization of conditions for viral replication and modification of preexisting methods for isolation of nucleocapsids have facilitated the purification of measles intracellular nucleocapsid RNA in yields 200 or more times those previously reported (45) . Only full-length, single-stranded RNA having an estimated mass of -4.8 x 106 d were recovered from deproteinized nucleocapsids. Self-annealing studies established that the encapsidated RNA consisted of both genome and antigenome molecules distributed in a ratio of 2 to 3 negative polarity molecules for each positive-stranded RNA. These results were entirely consistent with those obtained in the study of the intracellular nucleocapsid RNAs of other paramyxoviruses (8, 21, 24, 25, 30) and have confirmed previous observations regarding measles intracellular nucleocapsid RNA (45) .
The virion nucleocapsid RNAs of Sendai virus and of NDV have been found to be relatively enriched in genome polarity molecules. This observation suggests that a mechanism exists for the selection of genome containing nucleocapsids from the intracellular pool of positive-and negativestranded encapsidated RNAs (24) . Whether a similar process occurs during the maturation and assembly of measles awaits examination of the nucleocapsid RNAs obtained from purified measles virions.
Electrophoretic analysis and electron microscopic examination were used to assess the size and coding capacity of the measles genome, yielding values of -4.8 x 106 d and -14.6 kilobases, respectively. The results obtained by each technique were in excellent agreement with one another and quite similar to the published sizes of other paramyxovirus genomes (19, 21, 26) . Based on its sedimentation velocity in aqueous sucrose gradients, the measles genome RNA had been thought to be considerably larger (6.2 x 106 d) (42) . However, the reliability of this method for evaluating measles genome size has been cast in doubt. Small changes in the salt concentration of the gradient medium have been found to markedly influence the sedimentation of measles intracellular nucleocapsid RNA (unpublished data). Furthermore, the nucleocapsid RNAs of Sendai virus and of NDV display unusual hydrodynamic behavior when examined by sedimentation velocity ultracentrifugation under denaturing conditions (26) . Presumably these aberrant sedimentation properties reflect unusual and significant features of the secondary structure of these paramyxovirus RNAs. Unfortunately, the nature of these structural properties is presently unknown.
The -15,000-nucleotide genome RNAs of Sendai virus and NDV encode six unique monocistronic mRNAs, each specifying one of the six virion structural proteins (1, 9, 11, 13, 21, 32) . These six viral transcripts, together with the putative, small leader and trailer sequences, approach the limits of the coding capacity of these paramyxovirus genomes (assuming that they are transcribed from nonoverlapping genomic sequences). The size of the measles genome as well as the number of measles virion structural proteins and their cumulative mass are essentially identical to those of Sendai virus and NDV (16, 21, 33, 48, 50 There is reason to assume that, of the remaining measles transcripts, the minor radiolabeled RNAs (a and b) are poly(A) polycistronic RNAs rather than unique mRNA species. Small quantities of similar RNAs have been found among the transcription products specified by several negative-stranded RNA viruses, including NDV (11), respiratory syncytial virus (RSV) (10, 19) , and vesicular stomatitis virus (18) , and have been shown to result from transcriptional readthrough of adjacent viral genes (9, 18) . (Data describing the measles transcripts are summarized in Table 1 ).
With the exception of the mRNAs encoding the H, NP, and M proteins, the assignments of the eight measles transcripts discussed above are, at best, tentative. Their evaluation awaits the results of in vitro translation studies now under way. However, definition of the specificities of the two remaining major poly(A) species, RNA 5 and 6, is completely lacking. They may represent polycistronic transcripts (as discussed for RNAs a and b). Alternatively, they may encode as yet unknown viral structural or nonstructural proteins or both. Although limited, there is evidence that paramyxovirus genomes encode information in excess of that required to specify the six virion structural proteins. For example, a small nonstructural protein (22,000 molecular weight) specified by Sendai virus has been described (13, 28) . In addition, Collins and Wertz have recently shown that the RSV genome encodes nine unique poly(A) RNAs (10). Fig. 4 . b Mass estimates were calculated from the electrophoretic mobility of each measles RNA relative to rRNA standards, using the linear relation of log migration distance and /-as (29) . An average 3' poly (A) sequence of 125 bases has been assumed and subtracted from the total number of nucleotides of each RNA species to derive estimated coding capacity. ' Assuming the average amino acid mass to be 125 d.
dConclusions of Rozenblatt et al. (41) . e The presence of two unique mRNAs comigrating as RNA species 2 is based on the report of Rozenblatt et al. (41) . (1, 26) and of RSV (19)].
In contradistinction, the eight major measles transcripts (assuming two distinct mRNAs comigrate as RNA 2) have a cumulative mass of -8.4 x 106 d, 3 .6 x 106 d greater than the estimated mass of the measles genome (see Table 1 ). As discussed previously, several of these transcripts may be polycistronic species, or, perhaps, some are related as precursor and product. If, however, each is a unique mRNA, it is clear that all could not have been transcribed from nonoverlapping sequences of the 14.6-kilobase genome. Possible explanations for the apparent discrepancy between measles transcription product mass and genome coding capacity include: (i) the unlikely possibility that the size of the measles genome has been grossly underestimated (see discussion above); (ii) the measles genome consists of two different negative-stranded RNA segments of identical length; and (iii) at least some of the measles transcripts are encoded by overlapping genomic sequences. Should further studies of the measles virus-specified RNAs support any of these possibilities, several assumptions regarding the replicative strategy of measles virus and its classification within the paramyxovirus family would have to be seriously reconsidered.
